ABSTRACT
INTRODUCTION
The naturally occurring carbon isotope composition ( d 13 C) of leaf tissue is commonly used to infer water use efficiency (WUE) and the metabolic set point for gas exchange (the average intercellular CO 2 concentration) (Farquhar et al . 1988; Ehleringer 1993; Ehleringer, Hall & Farquhar 1993) . Leaf d 13 C is indeed an effective means to study the physiological plant response to changes in ambient conditions, such as water availability (e.g. Ehleringer & Cooper 1988; Picon, Guehl & Ferhi 1996) , light (e.g. Israeli et al . 1996) or temperature (e.g. Welker et al . 1993) . Another part of trees that is often considered for isotopic ratio studies is the stem, and especially tree rings. Measuring carbon isotope composition in annual growth rings allows for retrospective assessment of plant responses to environmental changes such as interannual climatic variations (Lipp et al . 1991; Dupouey et al . 1993) or increases of CO 2 concentration of the atmosphere (Marshall & Monserud 1996) .
Water use efficiency or c i / c a (the ratio of internal leaf CO 2 concentration to ambient CO 2 concentration) are sometimes inferred from the stable isotope composition of rings, using the model of Farquhar, O'Leary & Berry (1982) :
where a (4·4‰) is the fractionation resulting from diffusion of CO 2 from ambient air into the leaf, and b ( Ӎ 28‰) is the net fractionation of the carboxylating enzymes (e.g. Marshall & Monserud 1996; Watmough, McNeely & Lafleur 2001) . This model has been validated for many species and for different integration times, but only for leaf material (e.g. Farquhar et al . 1982; von Caemmerer & Evans 1991; Poorter & Farquhar 1994) . Rarely has the link between leaf and stem d 13 C signatures been studied in terms of the physiological process. At present, it is presumed that the information in terms of WUE is transferable among plant parts, at least in a relative way. Linear relationships have been found between leaf and wood values within trees, but they were generally not very strong (Panek & Waring 1997; Guehl et al . 1998 ). Using Pseudotsuga menziesii , Panek & Waring (1997) showed that tree ring d 13 C is less coupled with climate than foliar d 13 C, suggesting that the movement of carbon from the canopy to the stem involved fractionation that could change the relation between stem d
13 C values and those of leaves. In trees, nearly systematic differences have been shown between leaf d
13 C values and those of woody tissues. Nonphotosynthetic tissues (stem, roots) are generally 2-4‰ more positive than leaves (O'Leary 1981) . These differences suggest that a fractionation step between leaves and wood may occur. The d 13 C value of a leaf principally reflects the isotopic fractionation associated with photosynthetic carbon fixation. Therefore, total leaf organic matter is generally used to derive the time-integrated leaf WUE. Nevertheless, the isotope content of a leaf provides an integrated view of both carbon gains and losses over the entire history of the leaf. Although most leaf carbon appears to be introduced directly by photosynthesis, a portion of stored carbon is used in the initial phase of leaf construction. One must consider too that a part of the assimilated carbon could be lost by respiration. Respiration and reserve use play strong roles in stem carbon dynamics. Stem biomass consists of carbon, which was either recently assimilated by the leaves or stored in other plant compartments. Through transfer and biochemical transformation processes this carbon could be subjected to fractionations which partially mask the isotopic signature caused by environmental impacts on leaf photosynthesis.
Through respiration, plants may lose significant amounts of CO 2 . Woody tissue respiration is a major component of the carbon balance of temperate forests. In a beech forest, Damesin et al . (2002) estimated that trunk and branch respiration represented approximately 26% of the total carbon assimilated by leaves. For stems, respiration is the main form of carbon gas exchange with the atmosphere. If the CO 2 from stem respiration has the same d 13 C value as the organic matter from which it is lost, then this carbon loss is of no consequence for the isotope content of the stem. The major studies of discrimination during respiration were carried out in the 1970s on leaves or whole plants. The data are few, especially for trees, and contradictory: respiratory CO 2 has been reported to be either 13 C enriched or 13 C depleted (see O'Leary 1981 for a review). More recently, for mesophyll protoplasts, Lin & Ehleringer (1997) showed no discrimination during respiration relative to the soluble sugars. On the contrary, under less artificial conditions involving bean leaves, Duranceau et al . (1999) showed an enrichment of approximately 6‰ in respired CO 2 in comparison with sucrose.
Some experimental results suggest that carbon reserves may also have an impact on the d 13 C of a tissue (Le RouxSwarthout, Terwilliger & Martin 2001) . It is well known that the d
13 C values measured on leaves of C3 plants are typically between -25 and -29‰ with an average of -27‰ (Deléens 1976; O'Leary 1988) . Nevertheless, some high values have been reported, especially in young leaves. A d 13 C as high as -22‰ was reported in young maple leaves under natural conditions (Lowdon & Dyck 1974) . Damesin, Rambal & Joffre (1998) observed average d 13 C values of -23‰ in leaves of Quercus pubescens collected just after budburst. These high values are not yet well understood. Several possible explanations include that the reserves used for leaf growth, at least in deciduous species, are enriched in 13 C, and/or that there are one or more stages of fractionation during mobilization and allocation of the leaf external organic matter. In trees, the reserves used are mainly in the form of starch (Kozlowski, Kramer & Pallardy 1991) . The d 13 C signature of starch has been determined in leaves (Brugnoli et al . 1988; Duranceau et al . 1999; Ghashghaie et al . 2001) and in the bark of young trees (Jordan & Mariotti 1998) . However, the impact of starch utilization on the d 13 C signature of the growing tissue was not examined in these studies and is still poorly understood.
Our general aim was to improve the interpretation of d 13 C signatures of stems in relation to plant functioning, and to try to unravel the processes apart from photosynthetic assimilation that affect the d 13 C signature. More precisely, our objectives were the following:
1 To track the evolution of stem and leaf d 13 C signatures throughout a year, especially during the growth period. This should allow us to determine whether differences between stem and leaf d
13 C values exist prior to growth; or alternatively, if both tissues have the same d 13 C in buds, to determine when the differences first appear. 2 To investigate the role of physiological processes, such as respiration and use of reserves, in determining the stem d 13 C signature. In particular, we were interested in whether the d 13 C values of starch and respired CO 2 would account for changes in the d 13 C signature of the stem.
To answer these questions, we used current-year, leafy twig tissue from a temperate species, Fagus sylvatica L., as an experimental model to examine stem d 13 C values and link them to leaf signatures. In doing so, we measured the stable carbon isotope composition of total organic matter, starch, soluble sugars and dark respiratory CO 2 in leafy twigs of adult trees over one year.
MATERIALS AND METHODS

Experimental design
The experiment was conducted in a temperate climate from March 2000 to March 2001, on three isolated, adult F. sylvatica trees. The trees were growing on the campus of the University of Paris XI (48 ∞ 50 ¢ N, 02 ∞ 10 ¢ E), 25 km southeast of Paris, France, at an elevation of 65 m. The mean annual precipitation is 685 mm. The mean annual minimum and maximum temperatures were 7 and 16 ∞ C, respectively. Stem tissue produced in 1999 (S99) and 2000 (S00), and sun-exposed leaves at the mid-crown were studied. Each month, three branches with S99, S00 and current-year leaves were clipped from each tree (generally in midmorning around 1000 h), immediately immersed in liquid nitrogen and stored at -80 ∞C until lyophilization. Each sample was weighed, finely ground (Type MM200; Retsch, Haan, Germany) and homogenized. Stem samples were cut manually into small pieces with pruning shears before grinding. Aliquots of the homogenized powder were used to determine starch and soluble carbohydrate contents, carbon isotope composition of total organic matter and nonstructural sugars. At the same time, for each sampling date, the isotopic composition of CO 2 respired by S00 tissue was determined.
Initial sampling of buds was carried out in March (day of year 74). Stem and leaf tissues within the buds were separated. The next sampling was timed to coincide with bud burst, which differed among the sample trees: the buds of one tree started to open 1 week before the others. The mean budburst date (day of year 114) was used as the date for the graphs. Other samples were collected on days 123, 138, 151, 192, 223, 270, 296, 320 
CO 2 sampling
Each month, generally five (at least three) respired CO 2 samples were collected from the three trees (two or three from the same tree, and the rest from the other trees). Stem respired CO 2 was collected using a tightly closed system as described in Duranceau et al. (1999) . For each respired CO 2 sample, two to four branches of a tree were cut in the 1998 segment of the shoot, either between 0800 and 0900 h or between 1330 and 1430 h. For each date, half of the respired CO 2 samples were collected in the morning and half in the afternoon. The shoots were immediately recut in distilled water at the proximal end of the S99 segment and the S00 segment was put in the chamber, keeping the S99 segment in water during the experiment. The first data point, obtained in mid-March, was on S99. The two halves of the chambers were sealed to the twigs with rubber sealant (Terostat-7; Teroson, Ludwigsburg, Germany). The system was tested for leaks by exhaling along the joints, while measuring the CO 2 concentration inside the chamber. Water and initial CO 2 were removed from the system using soda lime and magnesium perchlorate, respectively. The chamber was wrapped in a black cloth to prevent bark photosynthesis. There were no visible mosses or algae on the stems. Carbon dioxide efflux was measured on the airtight closed system using a solid-state infrared gas analyser (IRGA) detector (FINOR; Maihak, Montmorency, France; response time approx. 1 s). A constant flow rate (0·66 ¥ 10 -3 m 3 min -1 ) was maintained by the IRGA pump. The air in the chamber was homogenized by two fans. The CO 2 efflux sampling was stopped when CO 2 variation reached 180-240 mmol mol -1 . The rate of CO 2 evolution was verified as linear for the duration of the measurements. The temperature inside the chamber was maintained constant at 15 ∞C.
The entire system had a gas volume of approximately 3·8 dm 3 and it required 1-3 h (from the end of May to September-October) and 3-5 h (on the other dates) to reach a CO 2 concentration of about 200 mmol mol -1 CO 2 in a 3 dm 3 vessel. The gas sample was passed through a series of alcohol-dry ice and liquid nitrogen traps to remove water vapour and purified CO 2 . The carbon isotope composition of the purified, respired CO 2 was determined.
Carbohydrate contents and extractions
Starch content was measured in duplicate subsamples on 5 mg of powdered tissue. The water soluble fraction was extracted twice with 80% ethanol at 80 ∞C. The pellet was boiled with 0·02 N NaOH for 1 h, then reacted with amyloglucosidase (E.C. 3-2-1-3 from Aspergillus niger; Sigma, Steinheim, Germany) at 50 ∞C to digest starch into glucose. Glucose was quantified after reaction with hexokinase and glucose-6-PDH. The optical density of NADPH was measured at 340 nm using a UV/VIS spectrophotometer (Lambda 18; Perkin Elmer, Ueberlingen, Germany). The protocol was tested on commercial starch from maize. The recovery was 80% (S.D = ± 2·1%, n = 4).
The starch extractions for carbon isotope analysis were
Time (months)
Precipitation ( carried out on 65 mg of powdered tissue. The water-soluble fraction was extracted with fresh water. After centrifugation, the pellet was washed with 80% (v/v) ethanol three times (for stems) and five times (for leaves) in order to remove the pigments. The pellet was suspended twice in 1 cm 3 6 N HCl to dissolve starch and was maintained for 1 h at 5 ∞C. After 10 min centrifugation at 10 000 ¥ g, the supernatant was mixed with 80% (v/v) methanol (four parts methanol: one part supernatant) and maintained at 5 ∞C overnight to precipitate starch. The starch powder obtained after desiccation of the precipitate was used for carbon isotope analysis.
The water-soluble fraction obtained by fresh water as described above was used to extract soluble sugars. This soluble fraction was heated at 100 ∞C for 3 min to denature proteins. After centrifugation (12 000 ¥ g, 5 min), this crude extract was filtered at 0·45 and 0·22 mm (filter HV; Nihon Millipore Kogyo K.K., Japan). Undiluted aliquots of 20 mm 3 were injected into a high-pressure liquid chromatography (HPLC) system. Glucose, sucrose and fructose separation was achieved on a Sugar-Pak1 separation column (300 ¥ 6·5 mm; Waters, Guyancourt, France) fitted with a precolumn (carbohydrate 7·5 ¥ 4·6 mm; Alltech, Templemars, France). Duranceau et al. (1999) verified that there is no fractionation during the extraction with this type of column. The flow rate was maintained at 0·5 cm 3 min -1 , the pressure between 47.6 and 81.6 10 5 Pa and the column temperature at 90 ∞C. The sugar peaks were detected by refractometry (Refractive Index Detector, 133; Gilson, Villiers le Bel, France). Sample sugar concentrations were determined by peak height. Peak identification was confirmed using a carbohydrate standard solution with a known concentration. Individual carbohydrates were eluted from 7 to 13 min after injection. The same process was used for preparing isolated, pure fractions of the different sugars for isotope analysis. To obtain enough material, 200 mm 3 of filtered extracts were applied to the column.
Carbon isotope analysis
The results were expressed in terms of the conventional d (‰) notation according to the relationship:
where R S and R PDB are the molar abundance ratios of the carbon isotopes, 13 C : 12 C, of the sample and the standard Pee Dee Belemnite standard (PDB), respectively (Farquhar, Ehleringer & Hubick 1989) .
The d 13 C values of respired CO 2 , whole shoot dry matter and carbohydrates were determined using a stable isotope ratio mass spectrometer (VG Optima; Fison, Villeurbanne, France, precision ±0·2‰). For both organic matter and respired CO 2 , a dual inlet system was used. Organic matter and carbohydrates samples were combusted in an elemental analyser (Model NA-1500; Carlo Erba, Milan, Italy). The isotopic ratios of the respired CO 2 samples were referred to a working standard reference (d 13 C of -36·7‰).
The room in which the respired CO 2 was sampled was wellventilated (d 13 C of the air near -8·6‰). In autumn 2000, we were able to measure the isotope composition of small gas samples (0·1 dm 3 at 150 mmol mol -1 ), which enabled us to determine whether there was a time effect on the d 13 C of the respired CO 2 we had collected. In October and November 2000, the d 13 C value of respired CO 2 sampled during several hours was compared with the respired CO 2 sampled on the same branches during 30 min at the beginning and 30 min at the end of the recording period. The maximum difference between the values was 0·2‰.
To ensure that no fractionation occurred during the starch extraction, we tested the HCl method on four different commercial starches ( Table 1 ). The absolute difference between untreated and extracted starch varied from 0·01‰ (wheat starch) to 0·57‰ (corn starch). Contrary to those of Wanek, Heintel & Richter (2001) , our tests showed that the HCl method would not introduce any additional 13 C fractionation, especially for starches from C 3 plants.
RESULTS
Phenology
Stems and leaves grew from budburst (24 April 2000, on average) to mid-June (Fig. 2) . Initially, the leaves grew more rapidly relative to the stems. Unlike leaves, S00 tissue underwent dry matter increment until the end of the summer.
Carbon isotope composition
Organic matter
The highest d 13 C means for total organic matter were found in young tissues in April (-23·3 and -24·1‰ for S00 and leaves, respectively; day of year 103, Fig. 3a & b) . Twentyseven days later (around mid-May), these values had decreased to approximately -3‰ for leaves and -1·3‰ for stems. The d
13 C values for S00 decreased progressively by about 1‰ between July and December The scales of the buds also had high values at budburst (-24·4 to -24·8‰, on average, between day of year 103 and 121; data not shown). After day of year 121, all bud scales had fallen. From the summer onward, the values for mature tissues were quite stable, with average values of -25·7 and -28·1‰ for August 
Four types of starch were used (two types of soluble starch, wheat, and corn starch). For each starch type, the means were compared using a Wilcoxon non-parametric test. P = NS (not significant when P > 0·05).
samples of S00 and leaves, respectively. The stems showed an increase during the period of leaf fall.
Respired CO 2
The average d 13 C value of respired CO 2 from S00 ranged between -22·08 and -26·34‰ (Fig. 3a) . The values generally fell between those of starch and organic matter. The maximum of the respired CO 2 d 13 C value occurred at the end of May and the minimum at the beginning of December. These maximum and minimum values corresponded with the respective maximum and minimum of the difference between the d 13 C value of CO 2 and that of S00 organic matter. During the period of growth after budburst and during the winter, the d 13 C of respired CO 2 increased with time, whereas it decreased throughout the summer.
Starch
For year 2000 stem tissue (S00), the d 13 C value of starch was similar to that of organic matter only at bud stage (Fig. 3a) . Later, in April, the starch values peaked during 1 week (day of year 114 through 123) at a less negative average value of -20·6‰. Thereafter, the values decreased and remained within the range of -22 to -23·5‰. From May to July, the d 13 C for starch was equal to that of the respired CO 2 . Within each tissue type, the starch d 13 C value was always higher than that of the total organic matter (Fig. 3a, b & c) . In buds, the difference was small (approx. 0·5‰), peaking at 4 and 3‰ at budburst. After the growth period, the differences between starch and total organic matter values were 3·5 and 2·5-3‰ at most for leaves and S00, respectively.
Soluble sugars
For sucrose, the highest d
13 C values occurred in the buds (Fig. 4a) . At budburst, the values were equal in S00 and leaves, whereas the values were higher in S99. Later in the season, the sucrose d
13 C values were always higher in S00 than in leaves. For S00 throughout the year, except in buds and at budburst, the sucrose d
13 C values were closest to the starch values; at budburst, the glucose values were closest. At this time, the glucose d 13 C values were 2 and 3‰ higher than the sucrose and fructose values, respectively (Fig. 4a,  b & c) . The glucose values remained the highest until August. The fructose values were generally lower than the other sugars. Like S00, leaf glucose had the highest d 13 C value in buds and at budburst (Fig. 4c) . For all leaf sugars, the d
13 C values decreased from the time of budburst to leaf fall (Fig. 4a, b & c) . For all tissues, d
13 C values were often higher in the sugars than in the total organic matter.
Correlations
The d
13 C values of total organic matter of leaves and S00 generally are linked by linear regressions ( Table 2 ). The The number of branches used (n) is indicated. *P < 0·05, **P < 0·01 regression coefficients a and b progressively increased during the growing season. On the contrary, there were no relations between d 13 C values of S99 and S00 (data not shown). The linear regression was significant only for December (y = 0·802x -4·992, n = 9, r 2 = 0·877).
Starch content
The curve for starch content in S00 had two minima: one after budburst in May, and one in January-February (Fig. 5) . The maximum, 6·4%, was observed at the end of September. The maximum content for leaves was approximately half as much, at 2·9% in May. After this time, namely, from the beginning of summer, starch content progressively decreased to near complete depletion at the time of leaf fall. The starch content of S99 was very similar to that of S00. Nevertheless, there were differences at some dates, especially at budburst when starch content was 2·4-times higher in S99 than in S00. For year 2000 stems (S00), starch constituted, at minimum, 10 to 15% of the total mass of non-structural sugars (soluble sugars + starch) measured in buds in March and mid-May (day of year 74 and 128). Starch constituted, at maximum, 64% in September to November. The percentage for S99 rose to 69% in autumn. For leaves, the highest percentage was 34%.
Carbohydrate levels
Just after budburst, the sucrose content decreased slightly in all tissues before increasing, whereas the glucose and fructose contents immediately started to increase (Fig. 6a) . For sucrose, S00 and S99 exhibited the same trend at the beginning of the growing season. Thereafter, the sucrose content was quite stable for S00, whereas S99 showed two maxima: one at the end of the summer and one in winter. Leaves had their maximum sucrose value in summer when their glucose and fructose contents were the lowest. For S00, sucrose represented 5% of the total soluble sugars at the beginning of May (day of year 123) and around 30% during the summer. It increased from 9% in leaves at the end of May to 87% in August. The changes in glucose and fructose contents were similar for S00 and leaves, with a maximum occurring at the end of May (Fig. 6b & c) . For S99, the change in contents over time was quite distinct, with a minimum at the beginning of the summer when sugar contents were at a maximum in the other two tissues.
The maximum values obtained for all tissues combined ranged between 135 and 170 mmol g -1 dry matter (DM) for the three sugars. In the buds, the contents of sucrose and fructose were relatively high (between 80 and 120 mmol g -1 DM).
DISCUSSION
The carbon isotope composition values for the mature leaves are typical of C 3 leaves (Deléens 1976 ) and fall within the range of variation of sun leaf d 13 C generally observed at the top or mid-canopy of deciduous tree species (see for example, Damesin, Rambal & Joffre 1997; Hanba et al. 1997; Morecroft & Roberts 1999; . The d
13 C values that we measured for leaves and stems were in the range of those reported for the same species by Schleser & Jayasekera (1985) , Schleser (1992), and Gebler et al. (2001) . The difference between leaves and stems (stems having a higher d 13 C) generally has been observed in various species (Francey et al. 1985; Medina, Sternberg & Cuevas 1991; Miller, Williams & Farquhar 2001) , with maximum values up to 3·7‰ for tropical species (Martinelli et al. 1998) , and 5‰ for beech (Schleser 1992). Leavitt & Long (1982) , studying Juniperus monosperma, and Gebler et al. (2001) , studying F. sylvatica, found similar differences to those we observed (about 2·5‰) between leaves and stems. Studies that have found no difference or a higher d 13 C in leaves compared with stems are exceptions (Leavitt & Long 1986; Schleser 1990) . One can suggest that the difference between leaf and woody tissues can be explained by tissue chemistry, but this difference still exists when corresponding biochemical fractions are compared. Francey et al. (1985) , for example, found a difference between stems and leaves for cellulose. Schleser (1990) and West, Midgley & Bond (2001) showed similar trends of d
13 C values between leaves and stem parts when comparing cellulose (or holocellulose) and whole tissue. Moreover, we also observed a difference of around 2‰ (in summer) when we compared the extracted starch from the two tissue types.
These results suggest that there is a net fractionation of about 2-2·5‰ during the leaf-stem transition. Leavitt & Long (1985) , who compared d 13 C of sugars in winter sap and of cellulose formed in buds, suggested that there is an isotopic fractionation during the biochemical pathway from sucrose AE glucose AE cellulose. In our case, when leaf growth was finished, the d 13 C of stem sucrose was higher than that of leaves by about 2‰. In many plants, sucrose is the main transport metabolite from leaves to the sites of consumption. This d 13 C difference suggests that discrimination takes place during the export and/or transport of sugars, probably during loading or unloading of the phloem where sucrose carriers in the plasma membrane (Kühn et al. 1999) and sometimes cell-wall invertase and cytoplasmic sucrose synthase (Sturm & Tang 1999) are involved. Consequently, all the organic matter constructed, apart from leaves, would be enriched relative to the leaf material (except perhaps some organs with a very specific biochemical composition such as lipid-enriched organs). The fact that grain and root tissues also show a higher d 13 C than leaves (e.g. Condon, Richards & Farquhar 1992; Hew et al. 1996; Syvertsen et al. 1997; Vivin & Guehl 1997 ) supports this hypothesis.
In the buds (in March), the leaf and stem total organic matter d 13 C were similar to that of starch present in the stem at the end of the season. Both tissues at this time were probably built with the same source of sugars coming from assimilates of leaves of the previous season. Leavitt & Long (1985) also found high d
13 C values in buds of Acer grandidentatum. The decrease of d 13 C during organ growth has previously been observed in maple and grass leaves by Lowdon & Dyck (1974) and by Leavitt & Long (1985) , in Q. pubescens leaves by Damesin et al. (1998) , and in J. monosperma leaves and rings by Leavitt & Long (1982) . Leavitt & Long (1982) showed that this variation cannot be explained by variations of d 13 C of atmospheric CO 2 . The decrease during growth could be explained, however, by the transition of the leaves from heterotrophy to autotrophy, which results in the construction of assimilates with a lower carbon isotope composition (as shown by the decrease of the d 13 C signature of soluble sugars in older leaves). A change in the relative proportion and activity of PEP carboxylase and Rubisco in leaves could also explain the decrease of d
13 C values during growth as suggested by Terwilliger et al. (2001) .
Furthermore, during growth some metabolic pathways that lead to compounds with low d 13 C, especially structural compounds such as lipids (DeNiro & Epstein 1977; Deléens, Schwebel-Dugue & Tremolières 1984) or lignin (Benner et al. 1987) , may be favoured. The construction and integration of such compounds could lead to a 13 C depletion in the total organic matter and a concomitant enrichment of 13 C in respired CO 2 . The impact of a change in metabolic pathways on the d 13 C of respired CO 2 has previously been suggested by Ghashghaie et al. (2001) in a comparison of well-watered and droughty herbaceous plants. In present study, we can not exclude the possibility that substrate for respiration, or its origin, changed during growth period. For example, the change in glucose starch and sucrose values could indicate that at the beginning of the season (budbreak to August) the glucose came from starch, and later it came mainly from sucrose. Contrary to the findings of Duranceau et al. (1999) for bean leaves, we did not find the d 13 C of respired CO 2 paralleled at a higher level the d 13 C of sucrose. Nevertheless, the d 13 C of CO 2 that we measured was generally enriched relative to the organic matter, which is opposite to the results of another study on trees (Troughton, Card & Hendy 1974) . It seems increasingly obvious that there is no general rule for the relationship between the d 13 C of respired CO 2 and the d 13 C of whole tissue or soluble sugars -it depends on tissue metabolism and its temporal variations.
The seasonal variations in starch and soluble sugar contents in stems were in agreement with dynamics previously observed in beech (Barbaroux & Bréda 2002) and other woody species (Ashworth, Stirm & Volenec 1993; Witt & Sauter 1994) . The decrease in starch during winter is a wellknown observation; it is caused by a conversion of starch in soluble sugars, regulated by temperature (Sauter 1988) . Indeed, during the winter, starch content followed the change in temperature. However in November, the mean of the minimum temperatures (4·4 ∞C) was as low as in December, and the starch had not yet hydrolized. This perhaps is linked to the presence of leaves. In leaves, the progressive decrease throughout the season may be due to an increase of sink strength and/or to a decrease of the photosynthetic capacity. It is interesting to note that while tissues were growing there was, at the same time, an increase in starch content, which suggests that growth and carbon storage were not disconnected, as it was also observed in trunks of beech (Barbaroux & Bréda 2002) . We also note that large variations occurred in the starch content of mature tissues, whereas the isotopic composition remained quite stable, which suggests that the starch carbon pools were rather homogeneous.
With the exception of the buds, the starch d 13 C values were always higher than organic matter values. Borland et al. (1994) and Jäggi et al. (2002) also found a high value for leaf starch in Clusia minor and Picea abies, respectively. There is very little information on isotopic composition of starch in stems. Jordan & Mariotti (1998) reported a value similar to ours in winter (-23·3‰) for bark of young peach, but contrary to us they observed a lower value at bud break (-25·7‰). Similar to the present study, Borland et al. (1994) , Brugnoli et al. (1988) and Gleixner et al. (1993) found starch d 13 C higher or equal to sugars and Le found that values for total leaf organic matter were always lower than those of soluble sugars.
One may wonder why the d 13 C of starch in the buds was the same as that of organic matter. In our opinion, at this time the buds were essentially formed of cellulose (generally enriched in 13 C relative to organic matter of mature tissue, e.g. Benner et al. 1987; Ehleringer 1990; Guehl et al. 1998) . The leaf and stem tissue in the buds were not very differentiated and their biochemical makeup included a few compounds with low d 13 C, such as lignin. Another peculiarity of the budburst period was the clear difference between sucrose and starch d
13 C values. Indeed, for the young tissues, the d 13 C of sucrose was near that of the organic matter, and equal between the two types of tissues, which was not the case later in the season. At budburst, the slight quantity of sucrose in the tissues comes perhaps from assimilates from the photosynthesis which has just started to take place. The clear increase (up to -20·6‰) of starch d 13 C between the bud stage and budburst is rather surprising. It seems that this starch came from the high d 13 C sucrose we observed in March in the buds. This is consistent with the decreasing sucrose content and the increasing starch content observed during the same period. One explanation is that the high d 13 C sucrose values were the result of a second fractionation (such as the one that occurred during leaf sugar export), with the sucrose coming possibly from the hydrolysis and export of pre-existing starch stored in older parts of the stems. This pre-existing starch would have already been fractionated when first exported from leaves. Thus, heavy carbon could have accumulated in the buds, first as sucrose, and later repolymerized as starch.
During the growth period, the d 13 C of respired CO 2 increased, enabling us to partially understand the decrease in the d 13 C of the organic matter. The large variations (-22·1 to -26·3‰) we observed in the d 13 C of stem respired CO 2 were strikingly in agreement with results obtained for CO 2 respired from soil in a boreal forest by Ekblad & Högberg (2001) . These variations observed in stems and in soil could explain variations noted in total forest ecosystem discrimination (Flanagan et al. 1996; Flanagan, Kubien & Ehleringer 1999) . Our results show that, for estimates of proportions of the different major ecosystem respiration fluxes, we should not assume that the isotopic composition of respired CO 2 -at least of woody parts -is equal to that of the organic matter.
It should be pointed out that we did not take stem photosynthesis, which can be equal in rate intensity to respiration (Damesin, unpublished results) , into account. The discrimination against 13 C during stem photosynthesis (Cernusak et al. 2001 ) and the fixation of respired CO 2 may have played a role in the observed decrease of d 13 C during growth. Heaton & Crossley (1995) explained the variations in the difference between d 13 C of stems and needles of Picea sitchensis in terms of stem photosynthetic recapture of respired CO 2 . In arid plants, Smith & Osmond (1987) , Comstock & Ehleringer (1988) and Nilsen & Sharifi (1997) showed that stems exhibited higher d
13 C values than leaves and deduced that these stems operate at a higher WUE. The systematic difference between stems and leaves of herbaceous and ligneous species may indicate that the higher d 13 C of stem tissue is perhaps not necessarily explained solely in terms of organ WUE, even if the stem is photosynthetic.
CONCLUSIONS
In the present study, we showed that the carbon isotope composition of CO 2 respired by stems was generally higher than the total organic matter signature and exhibited large seasonal variations. This emphasizes the importance of examining the variations of respired CO 2 at the organ level to analyse adequately the isotopic signals at the ecosystem level. Our findings showed that d 13 C of autotrophic CO 2 respired can not be assumed temporally uniform and equal to the tissue value. It was also shown that stem and leaf d 13 C diverged during their growth. The d 13 C of stems is altered by two apparent isotopic fractionations: (1) a step during export of assimilates from the locations of carbon fixation (leaves) to the growing tissue; and (2) a respiration (or metabolic) effect occurring during the growth period. The strong influence of the carbon transfer and respiration processes partially may mask the isotopic signature caused by climatic effects on photosynthesis. These influences are important to consider for analysis of tree ring d
13 C values. The role of starch and biochemical fractionation on the isotopic signature has been investigated recently in early wood of Picea abies rings (Jäggi et al. 2002) . Further investigations would be necessary to elucidate the fractionation steps at the metabolic scale and determine their impact on woody tissue signature. A discrimination model at the plant level -including post-photosynthetic fractionationswould lead to a better analysis of the isotopic composition in tree rings and thus improve its value for retrospective climate reconstruction. 
